polymer-based solar cells even though it does not form the best macroscopic network. The fact that the theoretical predictions are validated by experiment also indicates that we can use such calculations to determine 'design rules' for new fullerene acceptors that could potentially outperform PCBM. And perhaps more importantly, the fact that most fullerene acceptors (including PCBM) do not form networks that simultaneously optimize both the local and macroscopic electron mobilities indicates that there is still signifi cant room for improvement in the fullerene component of polymer/fullerene solar cells.
. Results and Discussion

. Electronic Coupling Determined through Density Functional Theory Calculations
In polymer/fullerene solar cells, electron mobility at the local level consists of charge transfer between neighboring fullerene acceptors. To understand how the local rate of electron transfer varies between different fullerene derivatives, we developed a DFT-based protocol to calculate the electronic coupling between pairs of fullerene molecules in a variety of geometries. The electron transfer problem we consider consists of moving charge between two fullerene molecules, which we label left ( L ) and right ( R ):
(1) The fundamental quantity of interest is the electronic coupling γ between the L and R molecules, which has the form: [ 39, 40 ] ((L → R) = | L |H| R | (2) where H is the total Hamiltonian and i is the localized wavefunction of the transferred electron on molecule i (i.e., the LUMO of the neutral molecule). In our case, the Hamiltonian and wavefunctions are calculated with DFT, which has been shown to give good accuracy within the Marcus theory framework, [41] [42] [43] [44] [45] [46] using the B3LYP functional and STO-3G basis set. Direct calculation of γ , however, can be problematic. This is because if the effects of the environment are ignored, the electron can be artifi cially localized on an individual molecule due to asymmetry in the system. To overcome this problem, when calculating γ we apply an electric fi eld to delocalize the excited states across the two-molecule system. This is because in a real BHJ system, each fullerene molecule sees, on average, an identical chemical environment; our application of an external fi eld in effect 'equilibrates' the system and allows the electron to delocalize between the two molecules the way it would in the bulk system. This means that with the application of the fi eld, the LUMO and LUMO+1 orbitals are not localized on the same molecule, so we can easily calculate γ from the energy splitting between these two orbitals. More specifi cally, in a twolevel system, the coupling between the two levels is equal to the half-splitting of the levels in the diagonal basis. Therefore, we rotated the two-level Hamiltonian into the diabatic basis, and found the coupling simply from the off-diagonal elements; the details of how we performed these calculations are described in the Supporting Information (SI). substitution on the SC 'feathers' that inhibited the ability to stack. [ 31 ] Subsequently, we worked to control the propensity for stacking by varying the size of alkyl substituents in the para position of the SC feathers. We found using X-ray diffraction and atomic force microscopy that varying the functionalization of the pentaaryl feather substituents by a single methyl group lead to dramatic differences in nanoscale morphology in blends with P3HT. [ 32 ] This is because SCs with shorter alkyl feather substituents tend to stack less easily than those with longer substituents [ 33 ] ; non-stacking SCs prefer to phase separate from the donor polymer, whereas the more self-assembling fullerene derivatives preserve the desired blended nanoscale architecture. [ 32 ] As a result, the PCE of devices based on fullerene selfassembly was improved due both to enhanced charge separation and an increase in electron mobility throughout the assembled fullerene network. [ 31 ] Even though we were able to demonstrate that self-assembly produces a fullerene network that leads to improved photovoltaic performance, the power conversion effi ciency of devices based on SCs fell well short of those utilizing the well-studied [6, 6] -phenyl-C 60 -butyric acid methyl ester (PCBM) fullerene derivative as the electron acceptor. Since PCBM does not selfassemble into one-dimensional stacks, the fact that PCBM devices perform better than SC-based devices indicates that network formation is not the only factor contributing to electron mobility in a BHJ device. This suggests that there are (at least) two length scales over which electron mobility is determined in the fullerene network: the macroscopic length scale (i.e., the active layer thickness) over which the electrons must move to be extracted from the device, and a shorter-ranged molecular length scale over which the probability for an electron to hop from one fullerene molecule to the adjacent one is determined. Although a high local electron mobility does not guarantee high macroscopic mobility (since macroscopic mobility can be limited by grain boundaries, the fractal nature of the network etc.), poor local mobility clearly limits the macroscopic performance of a device. It is therefore plausible that molecules like PCBM have local electron mobilities that are so high compared to those of SC derivatives that SC-based devices do not perform as well PCBM-based devices, even though SCs form a better macroscopic network.
Although there are many methods for measuring the macroscopic mobility of the carriers in organic photovoltaics, it is less clear how to measure the role that local mobility plays in device performance. Thus, in this paper we aim to ascertain how device-wide network formation and local molecular arrangements collectively determine electron extraction from polymer/ fullerene solar cells. We start by developing a density functional theory (DFT)-based computational technique to examine the electronic coupling between adjacent fullerene molecules, providing a theoretical estimate of the 'local' electron mobility. To verify that our calculation protocol makes physical sense, we then turn to time-resolved microwave conductivity (TRMC) experiments that directly measure local conductivities in P3HT/ fullerene blend fi lms. We fi nd that the experimentally-measured TRMC local mobilities correlate well with the theoretical predictions. Taken together, the two techniques are able to explain general features of organic photovoltaic device performance, including why PCBM is the acceptor of choice for most Figure 1 a) , we took the geometry from the PCBM crystal structure in Reference [ 38 ] . Using these geometries and our DFTbased method, which is outlined above and in the SI, we calculated the electronic coupling between multiple pairs of fullerene molecules and obtained the results summarized in Table 1 . For the SC fullerene derivatives, we fi nd that both the 4-Me and 4-t Bu molecular pairs have essentially the same electronic coupling (within 10%) when placed in their respective 'stacking' orientations; this result makes sense given that 4-Me and 4-t Bu have an identical electronic structure, so the overlap of their LUMOs is about the same when adjacent molecules are forced to have similar geometries. When the SC molecules are not in the desired stacked geometry, the electronic coupling varied strongly (roughly exponentially) with the average distance between the fullerene balls. At the closest possible non-stacked distance (limited by steric hindrance of the alkyl substituents), the coupling is actually slightly higher than that in the stacked geometry. Thus, even though we do not know the precise geometry between neighboring SC fullerene molecules in BHJ devices, we can conclude that as long as To tie in with our previous work on self-assembling fullerenes, we started by examining the coupling between two SC molecules, 6,9,12,15,18-pentakis(4-tert -butylphenyl)-1-hydro [60] fullerene (4-t Bu) and 6,9,12,15,18-pentakis(4-methylphenyl)-1-hydro [60] fullerene (4-Me). We chose these two SC fullerenes because they present a sharp contrast in their ability to self-assemble. Previously, we found that 4-t Bu was a 'universal stacker', assembling into one-dimensional stacks when crystallized from essentially every solvent we explored, [ 33 ] which in turn lead to the best solar cell performance of all the SC fullerenes we examined. [ 32 ] In contrast, the 4-Me molecule, which is electronically identical to 4-t Bu, appeared to show little propensity for columnar self-assembly, [ 33 ] which resulted in poor device performance. [ 32 ] Finally, to understand how local mobility among the fullerenes infl uences overall device performance, we also elected to examine coupling between molecules of the wellstudied PCBM. The chemical structures of the 4-t Bu, 4-Me and PCBM fullerene derivatives, as well as the geometries we used for calculating the electronic coupling between pairs of these molecules, are shown in Figure 1 (and the precise coordinates used in our calculations are given in the SI).
Although we do not know the distribution of geometries of pairs of fullerene molecules in a working BHJ device, it seems reasonable that on molecular length scales, the spatial relationship between adjacent fullerene molecules should be similar to that in single crystals. Thus, we chose geometries for our calculations for the 4-Me and 4-t Bu derivatives from the crystal structures found in our previous work. [ 33 ] For the electronic coupling in 4-t Bu dimers, we considered only the linearly stacked orientation found in the crystals derived from most different organic solvents (Figure 1 b) . For pairs of 4-Me molecules, we calculated the electronic coupling in a 'zigzag stack' geometry taken from crystals formed in toluene (Figure 1 c) and Figure 1 . Chemical structures of the fullerene derivatives considered in this work and the geometries of the fullerene pairs used in our DFT calculations. a) PCBM, taken from the crystal structure in Ref. [ 38 ] ; b) the 4-t Bu shuttlecock molecule in its stacked orientation, taken from the crystal structure in Ref. [ 33 ] ; c) the 4-Me shuttlecock in its native crystal structure, taken from Ref. [ 33 ] : note the 4-Me molecules crystallize in a 'zigzag stack' motif rather than the linear 'ball-in-cup' exhibited by 4-t Bu; d) the 4-Me molecule in its interstack geometry over which we varied the separation distance of the individual molecules; e) 4-Me molecules in a head-to-tail ('inverted stack') geometry similar to that of PCBM molecules, taken from Ref. [ 33 ] . The red color in PCBM denotes oxygen atoms; none of the other molecules contain any hetero-atoms. See SI for details. acceptors, a key design goal must be to have strong orbital overlap between adjacent fullerenes.
. Local Electron Mobility Determined through Time-Resolved Microwave Conductivity
Although there are numerous methods for estimating the mobility of the carriers in organic photovoltaic devices (e.g., fi tting space-charge-limited current models to single-carrier diodes built from the active materials, [ 47 ] building fi eld effect transistors from the materials, [ 48 ] various transient photovoltage and photocurrent experiments, [49] [50] [51] [52] etc.) all of these methods measure carrier motion only at the macroscopic, device length scale. Moreover, most of these methods also are sensitive to the nature of the contacts between the electrodes and the active material(s). To experimentally probe the local mobility of photogenerated carriers, it is necessary to turn to an electrodeless pump-probe method. Flash photolysis TRMC provides exactly such a method, [ 53, 54 ] and thus offers the perfect testbed for comparing our calculations in the previous section to an experimental measure of local electron mobility; the TRMC technique has been used previously to comparing local and network-wide hole mobility in samples of P3HT. [ 55 ] The fl ash photolysis TRMC technique measures the timedependent change of the microwave power in a cavity that contains the sample following the photogeneration of charges in that sample. The microwave power absorbed is directly related to the photoconductance of the sample, which is proportional to the yield of photogenerated carriers per photon absorbed ( ϕ ) and the (sum of the) high-frequency (local) effective mobility ( : ) of those carriers. [ 56 ] For TRMC experiments, the measured photoconductance peak ( G peak ) is given by:
these molecules stay in close van der Waals contact, the electronic coupling of the pentaaryl fullerenes is comparable in any geometry, lying in the range of 10 −4 to low 10 −3 eV. The fact that the molecular length-scale coupling between pentaaryl fullerenes is similar in nearly every geometry has important implications for solar cells built from these materials. Since the local coupling of these molecules is the same because the molecules have identical electronic structure (i.e., identical HOMO and LUMO levels with similar orbitals), the large differences in device performance we observed for these two molecules [ 32 ] must be the result of differences in the macroscopic geometry of the fullerene network. This makes sense given that 4-t Bu shuttlecocks self-assemble into long stacks, creating a much better macroscopic fullerene network throughout the active layer than 4-Me molecules, which phasesegregate from the polymer into unconnected islands. [ 32 ] Thus, self-assembly can indeed improve the macroscopic network of polymer-fullerene BHJ solar cells, as we demonstrated experimentally in previous work. [ 31 ] Also shown in Table 1 are the results of the electronic coupling calculation for a pair of PCBM molecules. We fi nd that the electronic coupling between neighboring PCBM molecules is roughly two orders of magnitude larger than the average coupling between the SC fullerenes. This explains why devices built from the SC fullerenes perform so much more poorly than devices built with PCBM, even though the assembled macroscopic 4-t Bu fullerene network is likely better than the random PCBM network: electrons are simply more effi ciently moved between PCBM molecules than between SC molecules.
Why is the electronic coupling so much higher between PCBM molecules than other fullerenes? For PCBM, the LUMO and LUMO+1 orbitals are highly delocalized around the molecule in a nearly spherically symmetric fashion, as shown in Figure 2 a. This allows for greater orbital overlap between neighboring molecules no matter what their relative geometry. In contrast, the frontier orbitals of the 4-t Bu and 4-Me shuttlecocks are fairly localized, with the electron density avoiding the regions near and inside the pentaaryl feathers, as illustrated in Figure 2 b. This means that when the SC molecules are stacked, there is relatively poor overlap of the orbitals on the neighboring molecules: the electron density on the ball of one SC has little overlap with the electron density in the 'bowl' of the next SC in the stack. The non-spherical orbital distribution of the SCs also explains why the electronic coupling in the non-stacking direction is roughly equivalent to that in the stacked direction, since the electronic overlap in this geometry is equally as poor.
In summary, our calculations suggest that even though pentaaryl fullerenes self-assemble into excellent macroscopic BHJ networks, the electron mobility of these compounds is limited at the local, molecular length scale. Moreover, our calculations also suggest that PCBM is a champion electron acceptor for organic photovoltaics because the electron transfer rate between PCBM molecules is not only outstanding, but also is roughly independent of the molecular geometry. In the next section, we turn to time-resolved microwave conductivity (TRMC) to provide an experimental verifi cation of these ideas concerning local mobility. But most importantly, what these calculations tell us is that if one wishes to create new self-assembling fullerene The fi rst thing that is clear from Figure 3 and Table 2 is that the BHJ samples with low loadings of fullerene show increased photoconductivity compared to pure P3HT. This results from the fact that the presence of even a limited number of fullerene acceptors greatly increases the number of photogenerated carriers relative to pure P3HT. [ 57, 58 ] We fi nd that at these low acceptor loadings, the photoconductance of both the 4-t Bu and 4-Me pentaaryl fullerenes are fairly similar to each other, although different from what has been measured previously for low concentrations of PCBM in P3HT. [ 57 ] Since we expect the mobility of the holes on P3HT to be independent of the choice of fullerene at such low concentrations and there to be little electron mobility when the fullerenes are isolated at such low concentrations, most of the difference in photoconductance we measure must result from differences in the number of photogenerated carriers when different fullerenes are used. We will use this difference in carrier yields for different fullerenes, in combination with photoluminescence quenching experiments, to extract the local mobility of electrons among the network of different fullerenes present at device loadings, as described further below.
where β is the ratio of the interior dimensions of the microwave waveguide (2.2 for our experimental set-up), q e is electronic charge, d is the sample thickness, and n and p are the density of the photogenerated electrons and holes, respectively. Since it is diffi cult to measure the densities of the individual carriers, Equation (3) is usually rewritten as:
where I 0 is the incident fl ux of photons used to excite the sample to create photoconducting carriers, and F A is the fraction of those photons that are absorbed, given by F A = 1 − 10 −OD , where OD is the optical density of the sample at the excitation wavelength. Since β , q e , I 0 , and F A are all easily measured (as described in the SI), the TRMC experiment directly yields the product of the yield (or quantum effi ciency) of free carriers per absorbed photon ( ϕ ) and the sum of their mobilities, μ e + μ h , or n : . Details of how we perform our TRMC measurements are described in the Supporting Information.
To understand the nature of the local mobility for the molecules we examined theoretically in the previous section, we prepared BHJ fi lms of P3HT with both the 4-Me and 4-t Bu shuttlecock molecules and with PCBM. For some samples, we prepared the BHJ blends in a manner identical to our previous work studying photovoltaic devices made from these materials using equimolar ratios of PCBM, 4-t Bu, and 4-Me (polymer:fullerene weight ratios of 1:0.8, 1:0.45 and 1:0.35, respectively); [ 32 ] for others, we used very low loadings of the different fullerenes (P3HT:fullerene weight ratios of 1:0.0015 and 1:0.0013 for 4-t Bu and 4-Me respectively), as described in the SI. Figure 3 shows how the n : product-the carrier yield times the effective mobility-varies in all of our samples as a function of absorbed photon fl ux. Although Equation (4) predicts a linear relationship between G peak and I 0 F A , there is a sublinear relationship at higher light intensities observed in Figure 3 that is due to exciton-charge annihilation, which causes the carrier concentration ( ϕ ) to drop at high excitation intensities. [ 56 ] Since our experimental apparatus cannot measure the absorbed microwave power at intensities low enough to be entirely in the linear regime, we fi t the data using the formalism described in the SI (see Equation S3) to extract an extrapolated low-lightintensity value for n : . These extrapolated values are summarized in Table 2 . Figure 3 (see SI). Exciton lifetimes determined from deconvoluting the PL decay data in Figure 4 blends, the electron mobility in the SC domains is lower than the hole mobility in P3HT, and thus signifi cantly lower than the electron mobility in PCBM.
Even though the photoconductance decay profi les in Figure 4 show that the electrons on different fullerenes have different local mobilities, the data does not allow us to directly make quantitative mobility comparisons between the samples. This is because the overall carrier yield at high fullerene loadings not only depends on the fullerenes' intrinsic ability to split excitons, but also depends on the donor/acceptor interfacial area, which is sensitive to the degree of phase segregation between P3HT and the different fullerenes. Thus, to extract quantitative information about differences in local carrier mobility among the different fullerenes, we need to fi nd a way to determine the carrier yields ( ϕ ) in the blend fi lms with different fullerenes. We chose to estimate ϕ from the degree of fl uorescence quenching observed via time-correlated single photon counting (TCSPC). Using the methods outlined in the SI, we excited each of our TRMC samples at 510 nm and monitored the decay of the photoluminescence (PL) at 720 nm, producing the TCSPC data shown in Figure 5 . After deconvoluting the instrument response function and fi tting the resulting PL transients to a sum of two exponentials (see SI), we obtained the PL lifetimes given in Table 2 . Presuming that every quenched exciton produces carriers that survive on the TRMC time scale, fl uorescence quenching provides a direct measure of the fraction of absorbed excitation photons that produce charge carriers. Unfortunately, not all of the carriers generated through exciton quenching survive to the ns time scales measured in TRMC. We can estimate how many carriers survive to this time scale, however, using our measurements on the dilute fullerene-containing samples. Since all of the measured photoconductance in these samples comes from hole mobility on P3HT, we can use the literature value for P3HT's TRMC hole mobility (0.014 cm 2 /Vs [ 57, 59, 60 ] ) to calculate ϕ for each of the different fullerenes on the TRMC time scale. We can then compare this value of ϕ to that determined from Figure 3 and Table 2 also show that increasing the concentration of fullerenes in P3HT blend fi lms to that present in typical photovoltaic devices further increases the photoconductance signal. Moreover, blend fi lms containing 4-t Bu show a higher photoconductance than samples utilizing 4-Me as the acceptor, and neither of the SC fullerenes gives a photoconductance as high as that in P3HT:PCBM blends. To understand where these differences in photoconductance come from at high loadings, we examined the photoconductance decay profi les of the different blends, which are shown in Figure 4 . The difference we observe between the photoconductance decay profi les of the P3HT:PCBM blend and that of pure P3HT has been attributed in previous work to differences in the type of carrier that dominates the TRMC signal: the mobility of electrons in PCBM is higher than that of holes in P3HT, hence the electrons dominate the photoconductance in the P3HT:PCBM sample. [ 57 ] The slow decay of G observed in this case is attributed to slow bimolecular recombination at low excitation intensities. [ 57 ] In contrast, the photoconductance decays of the P3HT:SC blends are similar to those of the pure P3HT sample, indicating that for these blends the dominant G term arises from the holes in P3HT, which have distinctly different dynamics than the electrons. [ 57 ] Although Figure 4 only shows representative transients at a specifi c excitation intensity, this observation holds at all the light intensities we used in this work. We therefore conclude that in P3HT:SC Figure 4 . TRMC photoconductance transients (normalized for absorbed photon fl ux and physical constants, see Equation (4) ) for P3HT-based samples at device loadings with different fullerenes. The photoexcitation wavelength was 500 nm, and the data shown are for an absorbed photon fl ux of 10 12 cm −2 , which corresponds to a fl uence of 0.56 mJ/cm 2 . The results were similar, however, at all photon fl uxes examined in this work. Vs for 4-t Bu and 4-Me, respectively. Since the local electron mobilities of these two fullerenes are similar to each other (0.49 and 0.44 × 10 -2 cm 2 /Vs), this result verifi es that the nature of the electron-conducting network is also important for macroscopic mobility/overall charge extraction. Although carriers may be able to move with similar ease between adjacent 4-t Bu and 4-Me fullerene molecules, the global network formed with the 4-t Bu fullerene is more than fi ve times more effective at moving charges across macroscopic distances than the network formed by 4-Me fullerenes. It is important to emphasize that this conclusion was based on diodes fabricated from pure fullerene fi lms, so the data is infl uenced only by the macroscopic connectivity of the fullerene network and not by polymer/fullerene phase separation. For comparison, it is worth noting that the space-charge limited electron mobility of both SC fullerenes is much lower than that of PCBM (2.0 × 10 -4 cm 2 /Vs [ 61 ] ). Thus, as we have argued throughout this work, both network formation and good local electronic coupling are important to obtain effi cient charge extraction from an organic photovoltaic device.
. Conclusions
In this paper, we have used both theoretical and experimental techniques to better understand the distinction between the local mobility and the macroscopic mobility of electrons on the fullerene network of polymer-based BHJ photovoltaic devices. Our work shows that there are indeed two signifi cant components to electron mobility: the intrinsic ability of electrons to move between adjacent fullerenes (local mobility), and the overall architecture and morphology of the fullerene network on device length scales (macroscopic mobility). The macroscopic mobility is what is typically measured in device physics experiments, and we have shown that a good understanding of local mobility can be obtained from a combination of DFT calculations and TRMC experimental measurements.
To understand the differences between local and macroscopic mobility, we examined the behavior of BHJ blends of P3HT and a pair of pentaaryl fullerene derivatives that have an identical electronic structure but different propensities to self-assemble on macroscopic length scales. Our DFT calculations found that the coupling between adjacent molecules is quite similar for the self-assembling 4-t Bu and non-assembling 4-Me shuttlecock fullerenes, so that with their nearly identical electronic structure, their local electron mobilities are also nearly identical. Our TRMC experiments on blends of these fullerenes show that the local electron mobilities on these are indeed comparable; the slightly higher net local mobility for the 4-t Bu molecule is likely directly related to the fact that self-assembly can assist mobility even on the local length scales probed by TRMC. More importantly, however, photovoltaic devices fabricated with 4-t Bu show dramatically better performance than those fabricated with 4-Me [ 32 ] and diodes built from 4-t Bu have a higher space-charge limited mobility than those built from 4-Me, verifying that changes in the macroscopic network morphology affect device performance even when the local mobilities are comparable.
We also used the idea of separate local and macroscopic electron mobilities to understand why PCBM is the fullerene our PL quenching measurements to determine the ratio of carriers generated on the ps time scale to those that survive on the ns time scale.
Using this procedure, we were able to determine the local electron mobilities of the 4-Me and 4-t Bu SC fullerenes at device-level loadings. Table 2 shows that at high concentrations, the 4-t Bu pentaaryl fullerene has a PL lifetime that is shorter than that of the 4-Me molecule, indicating that there is ∼ 30% more PL quenching for P3HT:4-t Bu blends than for P3HT:4-Me blends. This result is in excellent agreement with steadystate fl uorescence measurements in our previous work, and can be attributed to the enhanced phase separation of the nonstacking 4-Me molecule relative to the self-assembling 4-t Bu. [ 32 ] Thus, even though the photoconductance of the 4-t Bu sample at device loadings is higher than that of the 4-Me sample, most of this difference results from changes in carrier yield. In fact, when we use the information from the dilute samples, we conclude that on the ns time scale of TRMC, the carrier yield for the 4-t Bu sample is roughly twice as large as for the 4-Me sample. Since the measured photoconductance for these two samples also differs by a factor of two, this means that the local mobilities of these two SC fullerenes must be roughly similar, in accord with the DFT calculations presented in the previous section. This also implies that the dramatic differences in device performance observed between BHJs with these two fullerenes [ 32 ] must result from differences in the macroscopic mobility of the fullerene network, verifying that the self-assembling 4-t Bu molecule forms a signifi cantly better interpenetrating network than its non-assembling 4-Me analogue.
Also of interest in Figure 3 and Table 2 is the fact that the PL lifetimes of P3HT:4-t Bu and P3HT:PCBM [ 57 ] blends at device loadings (high weight ratios) are essentially identical, resulting in fairly similar carrier yields on the ps time scale of the TCSPC measurement. If we continue to assume that the hole mobility of P3HT does not change when increasing fullerene loading, then the difference in the TRMC-measured n : = n(: e + : h ) product at higher fullerene loadings are caused both by a decreased ϕ and a decreased local electron mobility for the SCs relative to PCBM. We note that the value for the local electron mobility that we extract for PCBM at the 1:0.8 blend ratio is somewhat lower than previously reported, [ 57 ] which is caused by the different processing conditions used here. Our analysis confi rms, however, that the local electron mobility in PCBM is at least a factor of fi ve higher than that in 4-t Bu, as summarized in Table 2 . This is also consistent with our DFT calculations in the previous section, and verifi es that the reason PCBM is such a good electron acceptor for use in polymer blend solar cells is because it has outstanding local mobility due to the strong overlap of the LUMOs between adjacent molecules, even though it doesn't necessarily form the best macroscopic BHJ network.
Finally, to examine how the macroscopic fullerene network changes with the different SCs molecules, we constructed diodes out of fi lms of the pure 4-t Bu and 4-Me molecules; the details of the fabrication and construction of these fullerene-only diodes are given in the SI. We fi t the measured current-voltage curves for these SC diodes to the Mott-Gurney law, and extracted the space-charge limited macroscopic electron mobilities for these fullerenes of 3.9 and 0.7 × 10 -6 cm 2 / of choice for nearly every polymer-based photovoltaic. Our DFT calculations show that the local electronic behavior of PCBM is nearly ideal for solar cells: the coupling between adjacent molecules is very high, and the delocalization of the frontier orbitals allows for effi cient charge transfer in almost every orientation. This is in contrast to the SC fullerenes, whose frontier orbitals are perturbed by the presence of the pentaadducts, leading to poorer electronic overlap. Our TRMC experiments verifi ed that the local electron mobility on PCBM is signifi cantly higher than that on the SC fullerenes, consistent with the fact that PCBM consistently produces the best photovoltaic devices.
Finally, all of our results suggest that there is further room for improvement in the fullerene component of polymer BHJ solar cells. Since self-assembly can produce macroscopic networks that dramatically improve device performance, it seems clear that designing new fullerenes that both self-assemble and have high local electron mobilities should produce devices that are even better than those using PCBM, particularly since it has been argued that electron mobility on the fullerene network is what limits overall device performance. [ 62 ] Furthermore PCBM has a low LUMO compared to novel fullerene acceptors like ICBA. [ 63, 64 ] Future fullerene acceptors that utilize selfassembly and possess a higher lying LUMO will potentially lead to improvements in both open circuit voltage and short circuit current. The fact that our DFT calculations are corroborated by experiment means that we can design new fullerenes and test them for local mobility before synthesizing them. In combination with TRMC and other measurements, this should provide a way to explore new self-assembling fullerenes that are simultaneously optimized for both local and macroscopic electron mobility, thus helping polymer-based photovoltaic devices to reach their ultimate potential.
